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SUMMARY 

An investigation was conducted t o  determine the  conkustion  response 
t o  rapid  fuel-flow changes i n  a single tubular conibustor at two simulated 
a l t i tude  - rotor  speed  conditions of 25,000 f e e t  - 70 percent  rated en- 
gine  speed and 50,000 feet-  - 70 percent  rated  engine  speed.  Limiting 
rates  of change of fuel f low (acceleration  limits) w e r e  determined  and 
the  effects of certain combustion a i r  flaw  variables on the  t ransient  
combustion characterist ics were studied  with  the  aid of rapid-response 
instrumentation. 

The combustion followed one of three  paths in response t o  rapidly 
increased fuel flaw: (1) successful  operation a t  higher  levels of tem- 
perature,  pressure, and fuel-air   ra t io;  (2) temporary  operation at higher 
levels of output climaxed  by  blow-out; or (3) immediate blow-out  (quench- 
out) .  The data  indicated that es the rate of change of fuel  f low was 
increased,  blow-out  occurred a t  lower f ina l   fue l - a i r   r a t io s .  With very 
rapid  fuel-flar changes,  combustion  quench-out  occurred.  Acceleration 
l imits were determined as functions of r a t e  of change of  f u e l  flow and 
final  fuel-air   ratio  at   the  several   operating  conditions  investigated.  
A s  a l t i tude  was increased,  the conibustion s t a b i l i t y  and the  steady-state 
fuel-air  r a t l o  limit were reduced, result ing in a reduction in accelera- 
t ion limits. A study of the  individual  effects of cambustion air-flaw 
variables  indicated that: (1) As combustor-outlet gas temperature,  be- 
fore  the  fuel flow was changed, w a s  increased,  the  acceleration limits 
were increased;  and (2) fo r  a  given  initia;  heat-release rate, 
conibustor-inlet-air  static  pressure affect+-€hii.maximgm r a t e  o f  change 
of fuel."flow  only by affecting  the  steady-state'blow-out 'h&%s. The 
incx%se i n  acceleration limits with ini t ia l   out le t   temperature  suggests 
t.bt thc-kW2al"Hh.t  -releime rate may be an important.  parameter con- 
trolling  acceleration; " . 

.." .l. .. 

INTROlXTCTION 

Among the  problems associated  with  turbojet  engine  operation a t  high 
a l t i tude  i s  the  inabi l i ty  of the engine to  accelerate  rapidly i n  response 
to increased  fuel flows. Research is  being  conducted a t   t h e  NACA Lewis 
laboratory  to  determine %he cceleration end t o  
study methods of improving s = l  

CUSS/ FI ED 
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Engine acceleration has beeq  foynd t o  be  detrimentally  influenced 
by  compressor ins tab i l i ty  and by the U b i l i t y  of the combustor t o  pro- 
duce adequate  temperature r i s e .  For example,. a study of "one ful l -scale  
engine  indicated that..conq?ressor: ins tab i l i ty  limited acceleration a t  
a l t i tudes less than 35,000 feet, whereas-combustion  fi&e--out was the 
l imiting  factor a t  altit;udes  greater than 35,006 fee t  (ref. 1) . In 
order t o  avoid  unstable COmpre8sor and canbustor  operating  conditions Tf, 
is necessary t o  maintain  precise.  contral .of f-uel inpiit t o  the com- 
bustor  during  acceleration. The influence of ti change in fue l  ELOW, i n  
addition to   other  combustor variables, during..engin-e acceleration has 
been further demonstrated  by  studies  conducted i n  small-scale  laboratory 
burners (ref. 2 )  . 

The investigation  reported  herein w&s conducted to  study  the 
temperature-response characterist ics of a s-ingle  full-scale tubular cam- 
bustor t o  rapidly  varying  fuel  flows, with a view t o  -obtaining a bet ter  
understanding of acceleration problems encountered in the  ful l -scale  en- 
gine. An attempt was made t o  approximate  conditions  exist- i n  the 
full-scale  engine cambustor before and after Ein advance in  the  fuel tkirot- 
t l e  set t ing.  Choke plates were place& in the I+et and exhaust ducting 
of the combustor t o  provide c r i t i c a l  flow at  .positions  corresponding t o  
the last compressor stage and the t u r b b e   i n l e t .  At selected  simulated 
engine  operating  conditions,  fuel flow w a s  increase.d a t  predetermined 
rates. These ra tes  of change .of f u e l  f l? are herein  denoted by the term 
acceleration rate, The traneient combustor variables - .inle.t;"air pres-sure, 
combustor-outlet  .temperature, and f u e l  flow - were measured  by rapid- 
response  sensing  elements  connected t o  high-speed  recorders. 

- .  

" . I. 

Data were obtained a t  combustor condi t ioas .corre6pond~g  to  50,000 
feet altitude - 70 pkrcent  rated  rotor  speed and t q  25,000 f e e e l t i -  .. 

tude - 70 percent rated rotor speed in  a reference  turbojet  engiue. A 
nuniber  of t e s t s  were conducted.at  other.  operating  conditions in order t o  
determine the  effects  of initial (before  acceleration)  outlet  temperature, 
inlet-ab  pressure,  and air-flqw velocity. qn the-re6gons-e cPlaracteristiLc6. 
The data are analyzed to   indicate  the response  -char&cterTstics of the 
combustor and t o  determine the  fuel  acceleration limits at the selected 
operating  conditions-. Vis-1 and photographic  observations of the f u e l  
spray and of combustion during a c c e i & r a t h i  ah-a i so  discussed.  Detailed 
descriptions of the spcial 'apparatus  and..instrumentation used are  
presented. 

". 

. .  - ." c . .  
" 

APPARATUS AND INSTRUMENTATION 

Combustor Instal la t ion 

" 

.. . 

A schematic diagram of the single tubular cmbustor  Installation 
with  planes of instrumentation  indicated is shown in  figgre 1. The  coin- 
bustor was a production-model J35 W i t j , - + l e t . m d  .. - - "I exhaust .." .. . . ~ - .  duct  sections 

- - .  -. "". 

- .. 
" 
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were fabricated  to  simulate corresponding  engine par ts .  Combustor a i r  
flm was measured by means of a variable-area  orifice. A i r  flow quantity 
and pressure were regulated  by  remote-control  butterfly  valves  located 
upstream  and downstream of the combustor. Location  and  construction of 
the inlet and out le t  choke plates are shown in   f igure  2. The i n l e t  choke 
plate,  which admitted air through fifty  1/4-inch-diaeter  holes,  was in- 
s t a l l ed  in the W e t  ducting at a position  corresponding  approximately 
t o  the las t  stage of the compressor in  the  full-scale  engine.  The out le t  
choke-plate  assembly  consisted of two s lot ted  plates ,  one of which was 
movable with  respect to  the  other,  permitting a wide range of flow areas 
t o  be  selected. The outlet  choke-plate assembly w a s  located at a poei- 
t i on  corresponding to  the  turbine  nozzle diaphragm in  the  ful l -scale  
engine. A standard  dual-entry  duplex  fuel  nozzle was  used  throughout 
the  investigation.  Separate lines supplied fuel. t o   t he   l a rge  and smaJl 
nozzle s lo t s .  The fue l  used was "F-5624A, grade Jp-4 (NACA 52-288). 

Fuel  Acceleration System 

The system  used for  fuel  acceleration  control is sham  in   f i gu re  3. 
Fuel  accelerations w e r e  obtained by m e a n s  of a valve  designed t o  provide 
a fuel-flow  increase  that w a s  nearly linear with  valve  shaft  travel. An 
e lec t r ic  motor hias coupled  through a variable-speed  transmission t o  a 
flywheel on the  drive  shaft. The flywheel shaft was connected t o   t h e  
valve s h a f t  through a solenoid-actuated  clutch-brake  assembly. The 
amount of  opening or closing of the  valve was controlled by two variable- 
position  microswitches which limited the amount  of t rave l  of a thin 
metal disk mounted on the  valve  shaft. When the  traveling  disk made 
contact  with  either of the  microswitches,  the  clutch w a s  immediately 
disengaged and the  brake was energized,  thus  limiting  valve  travel  to a 
preset amount. Fuel for acceleration w a s  supplied to   the  valve from a 
nitrogen-pressurized  reservoir at- pressures  ranging from 0 t o  300 pounds 
per square inch  gage. The accelerating  fuel system w a s  connected to   t he  
standard  fuel system as shown in figure 3 and contained  standpipes of 
vazlous  capacities which could be opened or closed t o  al ter the  surge 
characterist ics and acceleration rate of the  fuel  inputs.  

Instrumentation 

Detailed  sketches of instrumentation  and  the  respective  locations in  
the  tes t   duct  are presented in figure 2.  Combustor-inlet-air  temperature 
was measured by two single-junction  iron-constantan  thermocouples  located 
at s ta t ion  1 ( f ig .  1). Steady-state  combustor-inlet s ta t ic   pressure was 
Easured  by means of s ta t ic   taps   located a t  s t a t ion  2 ( f ig .  1). Transient 
combustor-inlet s ta t ic   pressure w a s  measured a t  the same s ta t ion  (2) with 
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a diaphragm-type  differential  pressure  pickup. The transient  fuel flow 
was measured  with a similar unit connected  across an orifice in the 
large-nozzle-slot  supply  lines  (fig.. 3). The  orifice  in the large-slot 
line  simulated  the  effect  of a flow divider,  providing some improvement 
in spray  formation  at low fuel flaws. Dynamic  response  characteristics 
and  design  features of the  diaphragm  pressure-pickup  installations  are 
given in reference 3. The  inlet  static  pressure an&. fuel  pressure dif- 
ferential  were  recorded on an oscillograph. 

4 

. -  

.. 

Conbustor-outlet  temperature,*s  measured by three  five-junction 
chromel-alumel  thermocouple  rakes  located  at  stattori 3 (fig. 1) . These 
rakes  were  designed  to  provide  rapid  response  to  exhaust-gas  temperature 
changes.  The  individual jwctions on. each  rake  coni4isted of 0.010-Inch- 
diameter  wires  butt-welded  between two he-avier support wires  (fig. 2) . 
The  combustor-outlet  thermocouples  were  connected  through an averag- 
circuit  to an oscillograph. During this  investigation  the  indicated 
average  conibustor-outlet  temperature,  before  and  after a fuel  accelera- 
tion,  was  obtained from the  oscillograph-rectl.  The  rapid  variations R 

in combustor-outlet  temperature  during  the  acceleration  process  were in- 
dicated by a single  thermocouple  circuit  compensated for thermal  lag and 
were  recorded by another  oscillograph:.  The 'thermocouple that  most  nearly h 

indicated  the  average  reading of the e c;ombustor-outlet  thermocouplea at 
statim 3 .was -select& f o r  the transient,)aeasyements.  Because of dif- 
ferences in temperature  profile,  it was -hecessary  to  use  different  ther- 
mocouples  at  the  different  operating  conditions  investigated. A compari- 
son of  compensated  and  uncompensated  thermocouple  responses  to  tempera- 
ture  changes of equal  rate  and  magnitude  is  preseirted in figure 4.  The 
uncompensated  thermocouple  circuit  had a time constkt of approximately - 
0.3 second,  whereas  the  compensated therm6codle-circuit had a reduced 
time  constant of approximately O,'OE second. m e  compensating  circuit 
was adjusted by. setting  test  air:flm  conditions in the  couibustion chamber 
and  feeding a heating  current  across  the  thermocouple.  The  variable- 
resistance  inductance in the  compensator was then  adjusted  until a step 
function was produced on the oscillograph when the  heating  current was 
discontinued.  The  theory of compensation is presented. i n  reference 4.  

63- m 

." 

PROCEDE33 

Test  Condition 

Transient cdustion-response characteristics  were  studied at the 
following  operating  conditions  (flight  Mach  number, 0): 
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Simulated f l i g h t  
conditions 

rotor  
speed, 

percent 

Inlet . 
I s t a t i c  

Reference 
velocity, 
f t /sec 

Initial comb,ustor- I 

675-700 
675-700 1 

With the  exception of inlet-air  temperature,  these  conditions  simulated 
operation of the conibustcr i n  a 4.7-co~pression-ratio  turbojet  engine at 
the  flight  conditions  noted. The reference velocity  values  quoted are 
based on the maximum cross-sectional area of the combustor (0.48 sq f t )  
and the inlet-air density. 

Additional data were obtained t o  describe the  inaependent effects  of 
combustor air  velocity and i n i t i a l   o u t l e t  temperature on the combustion 
response characterist ics.  The conditions  investigated are as follows: 

Inlet s t a t i c  
pressure, 

in .  Hg abs 

28 .O 
28 .O 
28 .O 
9.3 
9.3 

A i r  flow, 
Ib/sec 

2.70 
3.26 
2.02 
.90 
.68 

Inlet-air  
tempera- 
ture, 

F 

80 
80 
80 
80 
80 

0 

Initial combustor- 

velocity, ture, 
reference out le t  tempera- 
Combustor 

f t /sec op 
29 0 

60 375 
100 265 
82 

500, 800, 1000 82 
940  60 

Test Procedure 

P r io r   t o  each set of test  runs,  the  oscillograph  recorders were cal- 
ibrated  against standard measuring  instruments. The averaging thermo- 
couple c i r cu i t  and the single compensated thermocouple c i r cu l t  were cal- 
ibrated  against a self-balancing  potentiometer;  the  transient  static- 
pressure  recorder was calibrated  against a manometer connected to   the  test 
duct  in  the same plane;  and the   fue l  flow recorder was calibrated  against 
a rotameter in the fuel system. A t  selected  combustor-inlet test  condi- 
tions, -combustion was in i t i a t ed  and f u e l  flow was s e t  a t  the  desired ini- 
t i a l  value  by means of the  remote-control  throttie  valve  (fig. 3) .  

A t  each of the  selected  operating  conditions,  the fuel flow was in- 
creased from its - in i t i a l  value t o  a higher  value  required  for  accelera- 
t ion.  The fuel-against-time  trace  indicated that the  fuel-flow  increase 
was a ramp function. For selected  values of f i n a l  f u e l  flow, the  slope 
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of the fue l  ramp was increased until combustion blow-out 0cc~red . j   t he  
limiting slope or  acceleration  rate  repreientea t h e  acceleration limit. 
In general, the maximum final  f u e l  flow inveskigated waa the s t e a d p a t a t e  
r i c h  blow-out l i m i t ,  determined-prior t o  .the  actual  acceleration tests. 
A t  several  conditdw-  investigated,  the iiiiimuxri f &gI-.'fuel flow d s  lim- 
i t ed  by the capacity of the f u e l  .systeii.'.The 'fuel-Por .ac-celeration was 
injected.lnto  the  fuel .nozzle .auppQ l ine  by the accelerating  fuel system 
( f ig .  3) in  the following manger. The- pressure hi the EFtrogen-loaded 
fuel  reservoir - 8 .  .@t egual tq or lese than t h e   p r e s s ~ e  upstream of the 
remote-control  throttle  valve  (fig; 3) t o  minii6ize-flowbac~-ito . t he - fue l  " 
supply system. during  acceleration. The motorized valve' transmisalon  apeed 
and limits of travel were .sele.c$e.d, and the- v@rio&' standpipes were opened 
or closed as des.ired. . Fuel  accelerations were obtained-fi.  starting  the 
electric  valve mot= and al lowbg it to  rgach . f u l l  speed and then ener" 
gizing the drive-.shaft  clutch. .. %is procedure was reheated with varying 
sett ings of the components of the accelerating fu& Sy'sien in order t o  
obtain a range of &l acc&e&tion -rate.a::,.::. -;-"'. .: . ." . 

.. . .. 

. .  

- . - -  ". " ".  . . " 
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Method of Analysis 

The fuel  acceleration  rates ref erred .,t:q..here $ re-pesent  the  slapes 
of the fue l  ramps and were computed as the change of fwi-ah ratio '   per 
unit of time.  Figure 5 represents a sketch of a typical   fuel  ramp trace.  
The acceleration  rate was ca l cU ' t ed  bf"subtracti5g  the-.initial fuel-air 
r a t i o  and dividing  the  difference by the timount of .time- (sec) between the 
point on the  traxrwhere  ;the  .accelerati&%egins and the point-here the 
f u e l  flow f frst reaches .the des-ired fipal,-fuel. flow. A fuei .  "overshoot" 
was indfcated during raptd  fuel  accekratio%, as:  shown-in fi-gure- 5. . mis" 
overshoot  could be minimized by a proper  selection of the f u e l  accmula- 

. - - " - r .- . , .. -.. . . . 

." .. . .= 
" 

. - "" - _" - .  

-. 
" 

. .  

." 
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Results  obtained i n .  the investigation of the  effect  of fuel  accelera- 
t ion  on combustion response characterist ics  are  presented  in  tables I t o  
I V .  A t o t a l  of 175 acceleration  tests were conductedj  table6 I t o  N 
present  condensations of the data obtained  including  operating conditions, 
fuel  acceleration  -rates, and resultant  effects -on cor,ibustion. 

.- _._ . . . 

. .. . 
. .". 

. -. 

Combustor Response Characteristics 

Oscillograph  records  typical of those obta.ined a t . t h e  simulated 
50,000-foot a l t i tude  - 70 percent .rated rotor  speed  condition are presented 
i n  figure 6. The ascil1ograTh  recor& sh& the-..vkriitfon of fuel f'le, " -  

Fnlet  Static preBsure,  average out le t  gas temperature, and compensate& 
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outlet  temperature indication (from the single compensated thermocouple) . 
The t e s t  data presented i n  figure 6 illustrate the  three alternate paths 
which the combustion process may follow during fuel  acceleration: 

(1) The additional fuel may igni te  and burn stably, result ing in  
increased  temperature rise ( f ig .  6(a)) .  

(2) The additional fuel may igjiite, temporarily  burn a t  a higher 
outlet  temperature  level, and then blow out  (f ig.  6 (b) ) .  

(3) The combustion may blow out  immediately after the fuel acceler- 
ation is begun ( f ig .   6 (c ) ) .  

For purposes of discussion, the second  and third types of combustion 
fa i lure  w i l l  hereafter be different ia ted  by  referr ing  to  them as blow- 
out and quench-out, respectively. In order t o  illustrate more clear ly  
the  effect  of fuel  acceleration on the combustion process, a composite 
plot  of the data from figure 6 is presented in figure 7, showing fa i red  
curves f o r  the f u e l  flow, compensated outlet  temperature, and s ta t ic -  
pressure  variations a t  the 50,000-foot a l t i tude  - 70 percent rated speed 
conditions. The steady-state blow-out l i m i t  is included i n  figure 7 t o  
compare the relative  values of the f ina1 f u e l  flow rates obtained in the 
three tests. The blow-out l imit  w a s  not  precisely  reproducible, ranging 
from fue l  flows of 100 t o  110 pounds per hour. It is noted  (fig. 7)  that 
the  out le t  temperature and the  static pressure  decreased w i t h  the i n i t i a l  
introduction of additional fuel and then increased when the   fue l   ign i ted  
asd burned. For fuel-f low changes slower than  those shown in figure 7, 
the tenzperature and pressure  followed the increase in fuel flow with 
l i t t l e  or  no L n i t i a l  decrease. 

Figure 8 presents  typical data obtained a t  the simulated 25,000-foot 
a l t i tude  - 70 percent  rated  rotor'  speed  conditions. Steady-state blow- 
out at  these conditions was not  encountered fo r  the temperature range 
studied in figure 8. R e s u l t s  of four acceleration tests of varying 
acceleration rates are sham; it is noted that successful  accelerations 
were obtained in a l l  cases. A comparhon of these data w i t h  the data of 
figure 7 indicates  that much  more rapid  accelerations were possible a t  
the lower alt i tude  condition  (fig.  8 ) .  The temperature  and  pressure in- 
creases  fallowing  fuel  acceleration were  also more rapid a t  the lower 
a l t i t u d e ,  indicating  increased  responsiveness to   accelerat ion  as   a l t i tude 
is decreased. The time between the start  of the fuel acceleration 
and the point where the temperature and pressure f i r s t  exceeded their  
i n i t i a l  values was less than 0.25 second a t  the low-altitude  conditions 
(fiq.  8), compared t o  a t i m e  of  1.75"to 2.0 seconds f o r  the high-altitude 
condition as indicated by tes t  resul ts .  

The results  presented in figures 7 and 8 show tha t   fue l  overshoot 
occurred during acceleration; however, the indicated  overshoot w a s  not a 
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quantitative measure of the actual f u e l  overshoot  occurring a t   t h e  nozzle 
since  the measuring.instrumentation Was affected  by  recirculation  within 
the duplex  nozzle.. .The ac tua lbe r shoo t  pr6bably  followed a qualitative 
pattern similar t o  -=at indicated Fn f igui-es :7:-c?+U 8, however. The ini- 
tial decrease in  .ou$let tgn-qer&ure 'and s t a t i c   p re s su re -ky  have been 
influenced  by  the-overshoot  preseat,--as .well as- by the f u e l  acceleration 
rate; the amount of decrease  increased with increased  overshoot  and 
acceleration rate. Atterapts t o  eliminate  overshoot during rapid  accel- 
eration i n  order t o  determine-the  extent- of - i t s  influenee were not 
successful. 

. .. . . . ". . 

. . . . -. . . . . . . .  
Additional t e s t s  were conducted at the two simulated a l t i t ude  con- 

ditions w i t h  the   inlet  and outlet  choke plates  remove'd t o  compare  tem- 
perature and pressure  response t o  rue1 acceler&tion dur ing choked and 
unchoked operation. P i k e  S"$resents plots  of fue l  f h t ,  compensateX 
outlet  temperature, and inlet s ta t ic  pressEe;for two ajjproximately  equal 
f u e l  acceleratian rates a t  the simulated.lii&-altitude' .condition t o  c-m- 
pare combustor response with q d  without  the choke p h 6 S   i n s t a l l e d .  It 
is noted that  chok& opki-ation:'resuited ..i% more rapid  temperature ana 
pressure  response an& higher f i n a l  pressu?S.- Figure 10 presents a siml- 
lar comparison of Wta obtained a t  the simulated  low-altitude  condition. 
Choked operation  again  resulted in -more  'rG@?Jd-Foiibusti@ response  accbm- 
panied  by  higher final combustor static  pressures.  

- -. . 

, "  . . - 

V 

Combustor Fuel Acceleration  Limits. a t  Two Simulated  Altitude  Conditions 

The acce le ra tbn   t e s t s  conducted a t  the simulated  50,000-foot 
a l t i tude - 70 perc-t rated  rotor  speed.coh&€tion are shown In  figure . . .  

l l (a)  w i t h  accelerat.ion  rate  .plotted  against the final fuel-air  ratio. 
DFfferent symbols are used to   ident i fy  the-'&ibustor re'sponse character- 
ist ics observed: All a$-celerations .sh% ~ figure llca) were conducted 
from an initial  fuel-air  ratio"ol~o.oL2M;- .&ii."gitial c6mbustion efficiency 
of 69 percent,  and an outlet  temperature of 700' F. An acceleration-limit 
curve faired through  data  points  representing  limits,of  successful  accel- 
eration  indicates the transition  region between successful  acceleration 
and  blow-out or quench-out. %e steady-state  rich blow-out limit is in- 
cluded i n  figure U(a) for comparison. It is noted that as the f i n a l  
fuel-air ratio  increased md approached the  steady-state  rich limit re- 
gion, the limiting  acceleration  rate was decreased. The region between 
the  almost  vertical  portion of the acceiera€Fon l i m i t  k - v e  and the   r ich  
blow-out l i m i t  represents  the transient. combustimi blow-out regionj that  
is, during  the  acceleration some. increase .h"&em&ratuke  occurred bef are 
blow-out. The region above the horizoritaz-p6rtion of the  acceleration 
l i m i t  cwve  represents combustion quench-out; flame bl&i-out occurred " . 
during  the  acceleration w i t h  no temperature rise  being observed. &.=. 

- -  " ." - - . "_ - " - .. . 

, -  

. .  

- " - .. 

- .  . - . ."" - -  - ." . . - _  . "... . - - ." " 
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The indicated f u e l  flow overshoot for   the  data  along the  almost  ver- 
t i ca l   por t ion  of the  acceleration l i m i t  curve was ei ther   negl igible   a t  
the  very low acceleration  rates  or did not exceed the steady-state  rich 
blow-out limit; therefore,  overshoot  probably did not exert much i n f l u -  
ence on the position of the  acceleration l i m i t  curve in th i s  region. 
However, the  indicated  overshoot  for  the  rapid  acceleration  rates in the 
region above the  horizontal  portion of the  acceleration  curve was exces- 
sive and  always either  reached  or exceeded  the  steady-state  rich l i m i t .  

w Thus, the horizontal  portion of the  acceleration limit curve m i g h t  pos- 
% 
Lu s ib ly  be shif ted upward t o  higher permissible acceleration  rates if over- 

shoot were eliminated. 

Data are  presented in figure U(a) for both choked and unchoked 
operation. The position of the  acceleration limit curve was not  affected 
by the  presence of the choke plates .  For rapid acceleration rates (that 
is, greater than 0.005) the  entire fuel flow change was completed before 
the  temperature  and  pressure began t o  r i s e  following t h e i r   i n i t i a l  de- 
crease;  thus  the more favorable  higher final pressures  obtained w i t h  
choked operation did not improve combustion s tab i l i ty   dur ing   the   fue l  
flow change. 

The accelerat ion  tes ts  conducted a t  the  simulated  25,000-foot 
a l t i tude  - 70 percent  rated  rotor-speed  condition  are shown in f igure 
ll(b) w i t h  acceleration rate p lo t ted  against  the final fuel-air r a t i o .  
These accelerations were conducted from an initial fue l - a i r   r a t io  of 
0.0077, w i t h  a n   i n i t i a l  combustion efficiency of 98 percent and an outlet  
temperature of 6750 F. A steady-state blow-out l i m i t  was not  determined 
a t  this condition  since the outlet  temperature at blow-out would have 
been suff ic ient ly  hi& t o  cause Ctamage t o  test instrumentation. ITI l i e u  
of a steady-state blow-out l i m i t ,  a maximum outlet  temperature of 16W0 
t o  1700' F was chosen t o  correspond  approximately t o  the turbine-inlet  
temperature limit in current  turbojet  engines. No combustion  blow-outs 
or  quench-outs  were obtained a t  this condition for acceleration  rates as 
rapid as 0.400; the  capacity of the f u e l  system used did not  permit more 
rapit€  acceleration a t  t h i s  low-altitude  condition. The acceleration 
l i m i t  curve obtained a t  the high-altitude (50,000 f t )  condition is in- 
cluded in figure l l ( b )  f o r  comparison. It is noted that much  more rapid 
acceleration  rates  could be tolerated  by  the combustion process a t  the 
low-altitude  condition. 

A t  the  low-alt  itude  condition the combustor- in le t   s ta t ic   p ressure  
increased from an initial value of 28 inches of mercury absolute  to final 
values as high as  37 inches of  mercury absolute (fig. 8 ) .  With the com- 
bustor installed in the  full-scale  engine, th is  rapid  increase in com- 
bustor pressure w o u l d  result in Fncreased pressure  ratio and possible 
compressor  .surge. As pointed  out in reference 1, compressor  surge in the 
full-scale  engine  limited  acceleration a t  al t i tudes  less  than 35,000 f ee t .  
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Although no detailed studies of fuel  deceleration were made, it was 
observed during the  comse of this investigati&-  that, whenever successful 
acceleration was obtained t o  some high temperature  level,  .deceleration did 
not  incur b l w - o u t ~ -  me  decelerations always *returned  the  fuel-air   ratio 
t o  its i n i t i a l  value and never  approached th- j teaay-state   lean blow-out 
l i m i t  . 

" . - 

. .  . - - -  - 
" - " 

- . " - 

Effect of Combustm.Varfables on Fuel " Acceleration .. . - . . . . . . . - Limits 
. .  

The ef fec ts  of i n i t i a l  combustor-outlet  temperature,  pressure,  and -8 VI 
velacity on acceleration limits were bvestigated. .at  two inlet  pressures 
(9 .3  md 28 in. Hg abs) corresponding t o  the s i d t e d  50,000- and 
25,000-f oot  altikude.  conditions. .~ 

- -_ 

- .. . - 

..,." - ," - - -  . .  
"" . , 

. . . . . . - - 
.. 

. :L 

Effect of iniklal. cc?mbxstorzgutlet temperatwe. - The quench-out 
phenomem observed at. the simulated-condition suggest  either 
the  presence of local  over--rich  :fuel-air  -mijrf;;~~ei"oFthe  lack of sufficient 
heat t o  vaporize  and igni te   the  addi tbnal  &ii 5 e g g  introduced.  Pre- 
liminary studies were conducted in which the  combustor-outlet  temperature 
before  acceleration was successively  set   at  50O0, 850°, and 10Oo F by 
changing the   i n i t i a l   fue l - a i r   r a t io .  Accel<5ati&"to . a f i n a l   f u e l - a i r  
ratio giving an  outlet  temperature of 16.W7.F.w&re  conducted a t  a c o n s t h t  
a i r  velocity of 82 feet   per  secGd and a~cotiibustor-inlet  pressure of 9.3 
inches  of mercury absolute. The effect  .of &itial.out&et  temperature on 
the maximum acceleration  rate is shown i n  figure 12, with  the maximum 
acceleration  rate for ~ 0 0 0  F. final. Ktlet.. STperature  plotted  against 
i n i t i a l   o u t l e t  temperature. It is noted  that  the maximum'acceleration "- 

rate Fncreased  rapidly as the   i n i t i a l   ou t l e t  temperature was increased. 

. . .. . 

.? *.T. -... I .. . .. 

The acceleration tests shown in figure =(a) were conducted a8 an 
initial fuel-air ratio  giving an initial outlet temperatwe of 700 I?. 
Similar  tests were conducted a t  the same co6ditionS"with an initial outlet  
temperature of 1000° F j  the  results are presented in figure 13. only rep- 
resentative  data points are shown in  f igure 13; the   fa i red curve is based 
on resu l t s  of additional tests not  indicated. The acceleration limit 
curve for 10oOo F i n t t i a l   o u t l e t  ... temperature . i s  considerably  higher  than 
that for 700' F (included i n  f i g .  14)- over-the  rsige. of final fuel-air  
ratios studled. No quench-out region is indicated on the  acceleration 
limit curve f o r  the 1000° P initial tempera%%&; hoxever, . if more rapid 
acceleratians had be- obtained, quench-a& m i g h t  have occurred a t  -same 
higher  acceleration rate. 

.. . . 

- . .. 

. - . - -,. . . ".. - . " ." 
" . "  " .  

. .. 
1- +.. 

I 

Figures 12 and 13 show that  increasing  the ipitial outlet  temperature 
had a very  beneficial influence on the  accelerat39&.l.mit,s a t  -the simu- 
lated high-alt i tude  cmditim. If it is copgiaered. that $he increased 
init ial   nutlet   temperatwe improved acceleration  by  providing  additional 
heat  for  vaporization of the incoming fuel,  . t h e n  the.  heat-release  rate 
i n  terms. of Btu  per  .second-nay be a more important parakter   control l ing . . 

." - 
. . ". 

.... . 
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acceleration.  Acceleration  tests were conducted a t  the  higher-pressure 
condition (28 in. Hg abs)  with  the i n i t i a l  heat-release rate (137 Btu/ 
sec)  the same as  in the  low-pressure  tests (700' F, f i g .   l l ( a ) ) .  A t  the 
higher-pressure  condition,  the  required initial outlet  temperature was 
290° F. The observed  combustion efficiency (69 percent) was the same as 
that observed in the  previous  low-pressure  test;  therefore  the  init-1 
fue l  flow in both  cases was identical .  The resul ts  of these  fuel  accel- 
erat ion  tes ts   are  shown in figure 14. It is noted that fo r   t he  range of 

mined at the  higher-pressure  condition. The quench-out L i m i t  compares 
favorably  with  the quench-out limit obtained at   the   higher-al t i tude 
(lower-pressure)  condition. Higher final fuel-air   ratios  than  those in- 
dicated in figure 14 were not  investigated  because  the  resulting  htgher 
outlet  temperatures would have  exceeded the safe limit of the  instrumen- 
ta t ion.  The coincidence of the two acceleration  curves in figure 14 in- 
dicates  the  possible iprportance  of initial heat-release rate in con- 
t rol l ing  accelerat ion limits over a range of operating  conditions. 

0 4  final fuel-air  ratios investigated,  only a quench-out limit was deter- 
8 
[u 

Effect of initial combustor-inlet  pressure on acceleration limits. - 
When in i t ia l   hea t - re lease   ra te  and a i r   ve loc i ty  were held  constant and 
in l e t  aFr  pressure was- increased from 9.3 t o  28 inches of mercury  abso- 
lute,   the  acceleration quench-out limits were not  increased  (fig. 14). 
It would appear  %hen, that pressure is important  only  because it i n f l u -  
ences the  steady-state rich blow-out l i m i t ;  thus,  as  pressure is de- 
creased,  steady-state blow-out fue l -a i r   ra t io  and outlet  temperature  are 
generalLy  decreased. Tests at 9 -3 inches of mercury absolute show tha t  
as the   f ina l   fue l -a i r  r a t i o  after acceleration  approaches the steady-state 
l i m i t ,  acceleration  rates must be  reduced  considerably t o  avoid  blow-out. 

Effect of combustor air velocity. - Acceleration tests were conducted 
over  a  range of combustor a i r   ve loc i t i e s   a t   9 .3  and 28 inches of mercury 
absolute.  Figure 15 pr-esents  the  observed  variation i n  maximum accelera- 
t ion  rate  with air velocity. The accelerations were conducted t o  a f i n a l  
outlet  temperature of 1600' F; the  ini t ia l   heat-release rate was held con- 
s tan t  at 137 Btu  per second. The data for 9.3 inches of mercurg absolute 
were obtained at a f ina l   fue l - a i r  r a t i o  of approximately 0.030, which is 
very near  the  steady-state blow-out  range. Thus, the maximum aoceleration 
rates  presented are much lower than  those  obtained a t  lower final fuel-air  
ratios a t   t h e  same velocity and in i t ia l   hea t - re lease   ra te ,   ( i . e . ,   a t  
(f/a) = 0.0268, the' maximum acceleration would be  approximately 0.052, 
f i g .   U ( a )  ) . Therefore  these data should not be used t o  compare the max- 
imum acceleration  rates  obtainable at both  altitude  conditions.  Emever, 
the data presented  for  9.3  inches of mercury absolute  indicate  that  as 
velocity  increased, maximum acceleration  decreased;  the data obtained a t  
28 inches of mercury absolute show that as  velocity  increased, maximum 
acceleration  rate  increased. These data suggest the  existence of an op- 
t i m u m  velocity for each set of combustor operating  conditions. It is 
possible that such  an optimum velocity may also  be  influenced by fuel-  
spray  characteristics such as cone  angle,  penetration, and atomization. 
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Effect of Successive-Step  Fuel  Acceleration on Acceleration L i m i t s  

a t  High-Alti tude Conditions 

- .  

. .. 

A comparison of .  the m h i m u q  time r equ i r e   t o   acce le ra t e  from initial 
outlet  .temperatures of 700° and 1000*' 3 t;;d-.vFious"riiial: Puel-air  ratio8 
is presented in  f i g w e  16. The time for  acceleratian was computed from 
the  acceleration l i m i t  curves f o r  700' a d  1mo F i n i t i a l  outlet temper- 
atures  at the  simulated high-altiitude condition  (figs . l l(a) and 13) . 
ILis  noted that from 0.3 to 10 seconds were required  for  acceleration N 

from the low i n i t i a l   ou t l e t  temperature t o  f ina l   fue l -a i r   ra t ios   new  the  8 - -  

steady-state blow-out l i m i t .  It i s  also  noted-that  the  higher  init ial  
outlet  temperature  required much shorter tFme for acceleration t o  equiva- 
len t  final fuel-air   ra t ios .  .It..is possibl$- that . ' the time required f o r  
acceleration under critical  operating  conditions  could be' reduced by a 
progranqed acceleration  providing  for an increase in the  acceleration .- 

r a t e  as higher  values of f w l - a t r   r a t i o  and outlet  temperature  are ob- 
tained. A fuel  acceleration of this  type,  composed of two steps, is il- " 

lust rated In  the follcrwing sketch: 

.. . 

rn 
. .  

. .  ..T - . . - . f 

. -. 

D Final fuel flow 

I 
Time - 

The ini t ia l   accelerat ion AB i s  followed by a delay BC, which allows the 
temperature t o  recover from the initial decrease t o  reach some higher 
value. The f ina l   fue l   s t ep  may next be imp'osed very  rapidly  because of 
the now increased  Initial  temperature. 

The time  necessary for the Outlet  t-emperatwe t o  recover from its 
i n i t i a l  decrease  was-assumed t o  be  constant a t  1.85 seconds. Data pre- 
sented in figures 6 and 7 indicated this assumption t o  be approximately 
t r u e .  The final step was as~lumeh t o  be - i m p o s e d - ~ - ~ a n t s n e o a ~ y ~  It is 
noted from figure. 16 .that g calculated  6.uccessive-step  acceleration with 
a constant  acceleration  time of 1.85 seconds would provLde faster  accel-  
eration  rates  than  the  single-step  acceleration  for  final  fuel-air  ratios 
beyond 0.0304. A t  f ha1 fuel-air  r a t i o s  lese. .than 0.0304, however, single- 
step  accelerat.ion is faster since  the time required for single-step  accel- 
eration is reduced a s  f inal  fuel-air   ra t io  is reduced,  whereas the t i m e  

." 

" . " a 

- 

" ~ .  

c 
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required  for  successive-step  acceleration remains constant. Thus, 
successive-step  fuel  acceleration would be advantageous  only fo r  opera- 
tion  near  the  steady-state  rich blow-out l i m i t  and at low combustor 
pressures. 

V i s u a l  observations as well as high-speed motion pictures were made 
of the combustion during  rapid  acceleration. A t  the low i n i t i a l  f u e l -  
a i r  ratios  the  burning  took  place  entirely  in  the primary zone of the 
conibustor and the flame was y-ellowish-blue in  color. During fuel  accel- 
eration,  the  burning zone occupied the fu l l  length of the combustor and 
the f l a m e  turned a nonluminous blue  color. This nonluminosity made it 
virtually  impossible to obtain  clear motion pictures  of combustion during 
acceleration. 

Additional  visual and  high-speed  motion picture  studies were m a d e  of 
the  fuel  sprays  during  fuel  acceleration. For these  studies  the combus- 
t o r  was removed so that the nozzle  spray  could be more eas i ly  observed. 
Nozzle pressure  drop and fuel flows simulated  those used i n  the acceler- 
a t ion test program. The spray studies  revealed that the high-speed in- 
strumentation  indicated  an  increase in f u e l  f low  prior  to  the time a t  
which an  increase in f u e l  flow w a s  observed.  Analysis of the flow con- 
ditions  indicated that t h i s  may possibly have been due to   recirculat ion 
of fuel  within  the duplex nozzle. The period  during which the  recircu- 
la t ion  took place w a s  very  short (of the  order of 0 . 0 1 t o  0.03 sec), and 
therefore  possibly did not  affect  the  acceleration  process i n   t h e  combus- 
to r .  

CONCUTDING REMARKS 

An investigation of transient conibustion characterist ics w a s  con- 
ducted i n  a single tubular combustor at two s iaul&ted  a l t i tude - rotor 
speed  conditions, 25,000 feet - 70 percent rated and 50,000 f ee t  - 70 per- 
cent  rated. It w a s  determined tha t   the  combustion may follow one of three 
paths as the  resul t  of a rapid  increase  in fuel flow: 

1. Successful  acceleration  with  sustained  burning a t  higher levels 
of temperature,  pressure,  and  fuel-air  ratio 

2. Successful  acceleration t o  higher  levels of temperature,  pressure, 
and fuel-air r a t i o  momentarily, followed by combustion  blow-out if  
the  f inal   conditions approached the steady-state rich blow-out 
limit 

3. Immediate couibustion  blow-aut during  very  rapid rates of increase 
of fue l  flow 
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.. 
The results  indicated that as the rate of change of f u e l  flow (accel- 

erat ion  ra te)  was increased,  blow-aut  occurred a t  lower fins1 fuel-air  
ra t ios  and that   the  control sd. ,fuel 9 c c e l ~ ~ a ~ ~ o ~ . . . r t , e ~ _ ~ e ~ m e  very c r i t -  
ical a t .  h i g h - a t i t u d e  operating  conditions- -&ere .+e steady-state'.rich 
blow-out fuel-air   ra t ios  and outlet  temperatures  are A c e d .  For su6- 
cesful  .acceleration,.  the final fuellair r.at.Ja .after acceleration muat 
always be somewhat below the  eteady-state  rieh blow-out l i m i t .  

- 

c -- 
- 

- . ~ -  _.a-.*- 

" 

" . " 

. . . .  .. . - 

A study af the  individual  effects of combustor-outlet  temperatu-e 
prior to  acceleration,  combustor-inlet  static  pressure, and combustor. 
air  velacity  indicated that: .- - - e .  

1. A s  init ial   outlet-temperature was increased,  the  acceleration 
limits were increased . .  " 

2.  For the same init ial   heat-release  rate,   . inlet   static  pressure - 

affect-& maximum acceleration  rates  only by affecting  the  steady- 
state blow-out limits of the combustar . - 

- .  

" . -  - 

3. An optimum air velocity  with  respect to  acceleration  existed f o r  
,. . . .  each  different  operating  condition. -,. . 

Tests conducted a t  different  altitude  conditions  but similar heat- 
release rates indicated similar acceleration limits and suggested that the 
init ial   heat-release  rate may be  an.important  ~armeter.controlUng 
acceleration. . . .  . . .. . . . . ... . , .  

. . .  
. "  
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TABLX I. - Cmclude&. HIGEt- AKO Lclw-M5TKiTX AfXEURATIoH DAW FROM SWm RlBULAR CWUS!BX 

~imulated rotor speed, -70 percent rated; reference velocity, 82 ft/seg 

(b) Simulated altitude, 25,000 feeti  inlet  static pressure, 28.0 Fzlches of mercury absolutei air flow, 2.7 
pounda per s e d 1  initial  fuelair ratio, (f/all, 0.00771 fnitial  &et temperatme, 675O I 

Run 

ber 
num- 

0.01582 
-01582 
.01582 
. o m 2  
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Acceleration 
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sec 
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TABLE 111. - KEDIJCED INITIAL (SUTLFT =RATWE DATA FROM SINGLE TUBULAR CC&BUSToR 

PhnAated  altitude, 25,000 f t j  simulated  rotor speed, 70 percent  rated,  inlet 
static  pressure, 28.0 in. Hg abs; air flow, 2.f 15/sec reference  velocity, 

82 f t / s ec$   i n i t i a l  fuel-air ra t io ,  (f/a)l, 0.004; i n i t i a l  outlet 
temperature, 290° F; inlet and outlet  choke plates in] 

RUn 

t Ion, air ber 
response rate, accelera- fuel- mrm- 
Ccanbustor Acceleratlon Time for F i n a l  

(f/a)2-(f/a)1 rat io, t, 
( f b )  2 sec t 
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TABLE N* - VARIABLE CWUSTOR mCE VELQCDT DATA FROM SllgctIE TUBULAR COMBUSTOR 
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Figure 1. - Diagranmntic sketch of‘ single tubular ombustor Installation. 
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Figure 3. - Sohemtic3 diagram d fuel eyetem used f o r  aooelemtion tests  in single ocrmbustor. 
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Final fuel flow 

Time for  acceleration 

Figure 5. - ’pypical oscillograph trace of a fuel acceleration (ramp). 
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(b) flow-out. Chart speed, 25 divisions ger second; run 61. 

Figure 6. - Continued. Typical oscillograph trace of combustor variable6 during 
fuel acceleration.  Altitude, 50,oOO feet; rated rotor ~peed ,  70 percent. 

. .  



. . . . . . . . . . _  

I 
Cornpansate4 mtlat   tmratura  

, 
1 

. .   . .  
Z9(X:' 

. .  .. . . 



NACZA RM E53Ll.0 - 27 

. 

% 
al 
P 

(a) Conibustor-uutlet temperature. 

0 .4 .8 1.2 1.6 2.0 2.4 2.8 3.0 

Time, sec 

(c)  Inlet  static pressure. 

Figure 7. - Effect of varying fuel  acceleration  rates on combustor-outlet 
teqperature and inlet   static pressure. Altitude, 50,ooO feet; ro tor  
speed, 70 percent rated. 
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(b) Conibustor-outlet  temperature. 

Time, sec 

(c) Inlet  stgtic  pressure. 

Figure 8. - Effect of varying fue l  acceleration r&es on combustor- 
outlet temperature and i n l e t  static  pressure. Altituh, 25,000 
feet ;  rotor speed, 70 percent  rated. 
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(II) Comtustor-outlet temperature. 
12 

10 

8 
0 .4 .8 1.2 1.6 2.0 2.4 2.8 3.2 

Time, sec 

(c)  Inlet  static presmre. 

Figure 9 .  - Comparison of conibuator-outlet  temperature and inlet  static 
pressure  response to  fuel acceleration xith and without inlet and 
outlet choke plates  installed. Altitude, 50,OOO feet; rotor speed, 
70 percent rated. 
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0 , )  Coldbustor-outlet temperature. 
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(c) Inlet static preeeure. 

Figure 10. - Comparison of conibustor-outlet temperature Bnd idlet 
static-pressure response to fuel acceleration with and without 
inlet and outlet choke plates installed. Altitude, 25,ooO feotj 
rotor speed, 70 percent rated. 
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Tailed symbols represent  operation  without - choke plates   instal led - 

Fuel-atr ra t io  after  acceleration, (f/a)z 

(a)  Simulated  altitude, 50,000 fee t .  

Figure ll. - Combustor Fuel  acceleration limits a t  two simu- 
la ted  a l t i tudes.  Rotor speed, 70 percent  rated. 
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.002 at 50, OOO feet 
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.014 .018 .022 .026 ,030 . o s  

Fuel-air r a t l o  after  acceleration,  (f/a)2 

(b) Simulated  altitude, 25,000 feet. 

* 

Figure 11. - Concluded.  Combustor fuel acceleration  limits at 
two simulated  altitudes.  Rotor  speed, 70 percent  rated. 



NACA RM E53L10 
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Combustor-outlet temperature before  acceleration, ?F 

Figure 12. - Effect of coIlibustor-outlet  temperature  before 
acceleration on maximum acceleratfon  rate. Air flow, 
0.9 pounds per second; velocLty, 82 feet  -per second; 
pressure, 9.3 inches of' mercury absolute; f i n a l  out le t  
temperature, 1600' F. 
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Fuel-air  ratio after acceleration,  (f/a)2 

Figure 13. - Conibustor fuel acceleration  limits at two initial 
combustor-outlet  temperatures. Air flow, 0.9 pounds  per 
second; velocity, 82 feet per second{  pressure, 9.3 inches 
of mercury absolute. 

I 

c 



NACA RM E531;10 35 

. .1 

.06 

.04 

.02 

.01 

.006 

.004 Quench-aut 
--- Acceleration limft a t  
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.002 

.001 
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Fuel-air  ratio  after  acceleration,  (f/a)2 

Figure 14. - Comparison of combustor fuel  acceleration limits 
a t   in le t   s ta t ic   p ressures  of 9.3 and 28 inches of mercury 
absolute f o r  ini t ia l   heat-release  ra te  of 137 Btu per 
second; velocity, 82 fee t  per second. 
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.2- limit f o r  final outlet 

temperature o f  1600' F 

Figure 15. - Effect of air velocity on conihuetor fie1  acceleration limits 
at two Met-static-pressure condltions. Initial heat-release rate, 
137 Btu per second. 
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Fuel-air r a t i o  after acceleration, (f/a)2 

Figure 16. - !l%ne required for maximum ra te  of eucceesful corn- 
-tor fuel acceleration for .  two initial outlet  temperatures. 
Air flow, 0.9 p0und.s per second; velocity, 82 feet  per sec- 
ond; i n l e t   s t a t i c  pressure, 9 . 3  inches of mercury absolute. 
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